Abstract-We report on the characterization, active tuning, and modeling of the first mode resonance frequency of dielectric electroactive polymer (DEAP) membranes. Unlike other resonance frequency tuning techniques, the tuning procedure presented here requires no external actuators or variable elements. Compliant electrodes were sputtered or implanted on both sides of 20-35-µm-thick and 2-4-mm-diameter polydimethylsiloxane membranes. The electrostatic force from an applied voltage adds compressive stress to the membrane, effectively softening the device and reducing its resonance frequency, in principle to zero at the buckling threshold. A reduction in resonance frequency up to 77% (limited by dielectric breakdown) from the initial value of 1620 Hz was observed at 1800 V for ion-implanted membranes. Excellent agreement was found between our measurements and an analytical model we developed based on the Rayleigh-Ritz theory. This model is more accurate in the tensile domain than the existing model for thick plates applied to DEAPs. By varying the resonance frequency of the membranes (and, hence, their compliance), they can be used as frequency-tunable attenuators. The same technology could also allow the fine-tuning of the resonance frequencies in the megahertz range of devices made from much stiffer polymers.
I. INTRODUCTION
T HE MEMS-based resonators and oscillators are now coming to the market (see, for instance, [1] and [2] ) with applications for RF filtering [3] - [5] , frequency references [6] , [7] , as well as sensing applications [8] - [10] . A common problem encountered by MEMS-based resonators is the need for very precise control of the resonance frequency, both from a manufacturing standpoint (e.g., on-wafer and wafer-to-wafer uniformity) and from a stability perspective (e.g., temperature dependence, aging, and contamination build-up). The resonance frequencies of plates or membranes (e.g., micromirrors or micromachined suspended proof masses) are typically fixed and depend only on geometry and material characteristics (density, Young's modulus, stress, and stress gradients). The need for active tuning of the resonance frequency of silicon beams and plates led to a number of developments [11] - [15] mostly by using comb drives to compress Si beams or to put the beams under tension, or to modify the effective spring constant by addition of an electrostatic force. These techniques are very effective but require large external actuators, typically much larger than the resonator whose frequency one seeks to control. We present in this paper a resonant device that incorporates the tuning element as part of its structure. The resonating membrane discussed here consists of an electrostatic electroactive polymer (EAP), which is an elastomer sandwiched between two compliant electrodes. The tuning principle is to apply a voltage across the membrane, thus adding compressive stress due to the electrostatic force, hence effectively softening the device and reducing the resonance frequency.
Dielectric EAPs (DEAPs), often referred to as artificial muscles for macroscale actuators, are well known for their exceptional force-displacements characteristics compared to other types of actuators [17] - [20] . Unlike for more conventional materials for microfabrication such as silicon or SiN, we show how the resonance frequency of a prestressed DEAP membrane can be actively tuned after fabrication by changing its internal stress with an applied voltage and associated electrostatic pressure from the compliant electrodes on the surfaces of the elastomer.
While a number of authors have reported on DEAP actuators such diaphragms and membrane rolls [17] - [24] , the resonance modes of actuated prestressed DEAP membrane have not yet been reported. We have used polydimethylsiloxane (PDMS) as the elastomer which, combined with standard micromachining processing, allows short response times and resonance frequencies in the audible range (400 Hz-5 kHz).
The working principle of a DEAP is based on the compression of a dielectric elastomer membrane by the electrostatic pressure of compliant electrodes placed on both sides of the membrane (Fig. 1 ) [17] , [18] . The volume of the elastomer being constant (Poisson ratio of 0.5) for free boundary condition, the compression of the elastomer results in an elongation of the elastomer [19] . Depending on the boundary conditions (i.e., what the membrane is bonded to), on the material properties of the membrane and on internal stress, the membrane either buckles, bends, elongates in-plane, or does not move [20] . A number of actuators have been fabricated based on this concept, usually using prestretched films [17] . Since compliant electrodes are required, electrodes for macroscale devices are generally made from carbon powders or silicon greases doped with conductive powders. A major challenge to scaling down [25] . When a voltage is applied to the electrodes (typically over 1 kV), the electrostatic pressure squeezes the elastomer dielectric (right side). The volume of the dielectric being quasi-constant, the whole structure stretches in the case of free boundary conditions. these promising actuators to the microscale has been the difficulty of patterning compliant electrodes on the microscale. Since simply sputtering or evaporating metals produces electrodes that are much stiffer than the elastomer [25] , a number of approaches have been followed to increase the compliance of microfabricated electrodes (see, for example, the work of Pimpin et al. [24] ). We have developed an ion implantation technique that allows patterning compliant electrodes in the surface of elastomer membranes [25] - [28] .
In this paper, we report on PDMS membranes whose fundamental resonance frequency (a few kilohertz) is tuned by changing its inner stress by means of an electrostatic force (Fig. 2) . The modification of the inner stress of the membrane induces a change in the mechanical compliance of the membrane, which can be observed by a change of its resonance frequency.
Although most research and development on MEMS-based resonators is based on silicon devices, there is increasing interest in using polymers such as SU8, polymethyl methacrylate (PMMA), or polyimide as the structural material for MEMS resonators in view of their potential for low cost, simple processing, and higher flexibility. For example, Zhang et al. [14] , [15] have demonstrated polymer microresonators operating at above 1 MHz.
PDMS is a very soft elastomer, with a Young's modulus on the order of 1 MPa. The devices we report here made with PDMS have a resonant frequency that can be reduced by up to 77% from initial frequencies in the kilohertz range. The same frequency tuning concept could also be used on stiffer resonators that work at much higher frequencies, for instance, for the fine-tuning of resonators that present a resonance frequency distribution due to process fabrication. Applying our model to the 2-MHz Baytron P-PMMA microbridges of [14] , we predict a possible 11.5% tuning range at the electrical breakdown field (PMMA electrical strength: 250 MV/m [16] ) or, for example, 1% at 50 V, which is more than sufficient in most cases for finetuning drift due to temperature or fabrication variation.
The dielectric electroactive actuator (DEA) studied here consists of a DEAP circular membrane fixed to a rigid Si frame on its outer diameter (Figs. 3 and 4) . The membrane is a PDMS film with compliant electrodes on both sides. The fabrication process of the PDMS membrane induces a tensile stress that, along with membrane geometry, membrane density, and Young's modulus, determines the initial resonance frequency. Our membranes are prestressed by the fabrication process, not by mechanically stretching the film prior to bonding to frame (as would be more common for macroscale EAPs).
We have compared two techniques of electrode fabrication that are compatible with small-size electrode patterning: lowenergy metal ion implantation and sputtering of metals [25] . We have shown on a proof-of-concept device that metal ion implantation allows the creation of very compliant electrodes that allow for vertical displacement of more than 10% of the membrane's length [25] , [26] . The combination of large ion doses (> 10 16 ions/cm 2 ) and low energy (< 5 keV), essential to make the elastomer sufficiently conductive, requires the use of special implantation techniques such as plasma immersion ion implantation or filtered cathodic vacuum arc (FCVA). We used our custom FCVA implanting machine to process the samples reported here.
II. CONCEPT AND MODEL
The basic concept is that the resonance frequency f res of membranes under tensile stress can be reduced by reducing the stress. For prestressed DEAP membranes, the initial stress can be reduced by adding an electrostatic stress ( Fig. 2 ) from the applied voltage [see (15) ].
Timoshenko [30] derived the resonance frequency of plates in the bending case (zero stress case, where the flexural rigidity dictates f res ) and of tensile stressed membranes or drums (only stress contribution, no bending dependence, the stress dictates f res ). We extend their formalism to the more realistic intermediate case of membranes of finite thickness, using the Rayleigh-Ritz approximation to combine the contribution from the bending and stretching energies.
The key assumption we make is that the mode shape is the same for both contributions, which is a reasonable approximation in our case since, as is shown in the data section, the displacement due to the acoustic wave is at most 2% of the membrane diameter.
The Rayleigh-Ritz method allows accurate estimations of the resonance frequency of compliant systems. The membrane starts in the x, y plane. One chooses a trial function z(x, y, t) of the membrane deflection, which, for sinusoidal excitation, can be written as a function of the pulsation ω and time t z(x, y, t) = z(x, y) cos(ωt).
(
To determine the resonance pulsation ω 0 , we make use of the fact that, at resonance, the maximum kinetic energy E max and maximum potential (elastic) energy U max are equal for linear second-order systems. Kinetic energy is maximum when the membrane is flat (minimum membrane deflection), and elastic energy is maximum when velocity is zero (maximum deflection).
As derived in [29] , the kinetic energy can be expressed as a function of the density ρ
The deformation energy U max can be written as the sum of bending (referred to as plate) and stretching (drum)
Combining (2) and (3) with E max = U max gives an expression for the resonance frequency f res = ω res /(2π)
With the key approximation of equal mode shapes for plate and drum, this can be written as [see (5)- (9)]
where the plate pulsation ω plate can be expressed as a function of the membrane diameter d, thickness h, membrane homogenous density ρ, and flexural rigidity D [30] , [31] 
with the flexural rigidity D that depends on the Young's modulus Y and Poisson's ratio ν, which is given by
The drum pulsation ω drum as a function of the stress σ x,y and diameter d is given by [30] , [31] 
Therefore, we have the resonance frequency f of a stressed membrane that is not perfectly thin, i.e., a plate
The initial stress state in a biaxially uniformly tensile stressed membrane is defined as follows:
Assuming that there is no displacement of the membrane (no buckling or bending, which is realistic below the buckling threshold), the stress produced by the electrostatic force is hydrostatic, i.e., there are only identical terms in the diagonal of the stress tensor [σ E ] [32] . The total stress is the sum of the initial stress [σ 0 ] and the electrostatic stress
with the electrostatic stress produced by the actuation voltage V given by
with ε as the permittivity of the elastomer.Therefore, according to (13) , the stress in the plane x, y when the membrane is actuated becomes
Equations (8) and (9) are only strictly valid for σ x,y ≥ 0. Chen and Doong [33] have developed a more complex model for thick plates in which they extend the calculation of the resonance frequency to the compressive regime.
Combining (9) with (15), we obtain the first mode resonance frequency of an actuated circular membrane as
From (16), one sees that the resonance frequency can be tuned down from its initial value by applying a voltage on the electrodes. According to this model, the membrane resonance frequency can be voltage tuned from f high to f no_stress
With :
The higher the initial stress is, the higher the frequency span becomes. However, in practice, resonance frequencies below f no_stress corresponding to compressive stresses below the buckling threshold can also be reached as described by Chen and Doong [33] .
For typical DEAP membrane parameters, Fig. 5 compares the model given by (16) with the model of Chen and Doong for thick plates [33] applied to the DEAP stress situation, i.e., substitution of the in-plane stress used in the model of Chen and Doong with the total stress of (15). The two curves agree within 7% in the tensile domain, the largest discrepancy of 168 Hz being found when the membrane is not actuated. As discussed in the data section, the model presented here based on Rayleigh-Ritz theory gives a better fit of the measured data in the tensile region than the model based on Chen and Doong for thick plates [33] .
For low stresses and high actuation voltages, the models also agree remarkably well even in the regime where the film is in compression, beyond the normal domain of applicability of our model. For geometry and material properties similar to the one described in Fig. 5 , we found that the stress buckling condition based on our modeling [see (20) and (21)] is 13% higher than the one computed with the model of Chen and Doong [33] and 22% higher than the one based on standard plate buckling threshold [28] . Also, the buckling voltage given by the Rayleigh-Ritz model [see (22) ] matches the one from the model of Chen and Doong [33] and standard plate theory [28] to better than one 1%. Therefore, the domain of applicability of our model based on Rayleigh-Ritz theory can be extended to the compressive domain of a DEAP membrane
The electrical breakdown of the elastomer typically occurs before the initial stress can be completely compensated, thus increasing the minimum achievable resonance frequency. Also, for the model, we assumed a circular membrane considered homogenous along its thickness, i.e., any localized stiffening due to the electrodes on the surface is ignored.
III. FABRICATION AND DESIGN

A. Fabrication Process
The samples consist of an electroactive silicone membrane bonded over a circular orifice etched through a 500-μm-thick silicon wafer (Fig. 4) . We developed a microfabrication process to pattern the compliant electrodes, produce the membrane, and bond the membrane to the silicon. Most of the fabrication developments concerned an ion implantation technique used to produce compliant electrodes on the EAP. To have a highperformance EAP device, it is necessary to have compliant electrodes that can repeatedly sustain strains of over 10% and that do not overly stiffen the membrane, i.e., that the stiffness of the two electrodes be smaller than the stiffness of the elastomer. This last point is not trivial given that metals have a Young's modulus four orders of magnitude larger than the elastomers we use. Ion implantation of gold gave excellent electrodes that can be patterned on the micrometer scale. Suitable micropatterning of the electrodes is also a possibility [24] .
Circular holes, 2-4 mm in diameter, were patterned by deep reactive ion etching in 4-in silicon wafers. The PDMS layer was spun on a transfer support, a polyvinylidene chloride (PVDC) film stressed on a rigid frame. Once the PDMS (Dow Corning Sylgard 186) polymerized, the PDMS membrane was bonded after plasma O 2 treatment on the silicon chip and detached from its PVDC supporting film [25] .
Metal ion implantation was carried out in an experimental setup which is capable of implanting only a zone of a few square centimeters, thus explaining the need of a chip-level process rather than a wafer-level one. However, the steps described earlier to obtain a thin membrane bonded on Si have also been successfully tested on the entire 4-in Si wafers.
Our custom FCVA implantation equipment is based on a commercial pulsed arc ion source (ARC 20 RHK). Topside implantation is carried out through a steel shadow mask, but a photoresist mask patterned by photolithography could also be used on a wafer-scale process. Backside implantation is done without masks, through the orifice in the silicon chip. Gold ions are deposited on the back of the membrane, but also on the edge of the Si chip, thus ensuring electrical contact between the membrane and the silicon chip, which can act as a contact to one electrode during actuation (Fig. 3) . The gold ion implantation parameters are a dose of 1.7−2 * 10 16 atoms/cm 2 as determined by RBS, initial acceleration energy of 5 kV at each pulse (the bias decreases during each implantation pulse and is restored before the next pulse). Cathodic sputtering (SCD030 Balzers) of gold layers between 8 and 15 nm thick has also been tested to compare the impact of this method versus implantation on the resonance frequency of the membranes.
B. Control of Initial Resonance Frequency
The initial (nonactuated) resonance frequency of a membrane is essentially defined by the following parameters: 1) geometry of the membrane; 2) boundary conditions; 3) PDMS mechanical properties; 4) influence of the electrodes. 
1) Influence of Membrane Geometry:
The geometry of the membrane in the plane is very well controlled by the microfabrication process, i.e., tolerance on the membrane diameter of ±2 μm.
Variations of the membrane thickness h up to ±2 μm were observed with an optical white light profilometer (Veeco, Wyco NT1100). Due to instrument limitations, the thickness measurements were done on the PDMS bonded to the Si, not on the free-standing membrane. We were not able to make a distinction between real variations and measurement errors. Thickness variations have a significant impact on the resonance frequency, particularly at high actuation voltages.
2) Influence of Boundary Conditions: In our fabrication process, the PDMS membrane is bonded on silicon; hence, the membrane is fixed only on the bottom part. The membrane having a diameter-to-thickness ratio larger than 50, the membrane is quasi-perfectly fixed and can be considered clamped on its edge.
3) Influence of PDMS Mechanical Properties: The Young's modulus of different PDMS formulations varies by a factor of more than ten. In addition, both Young's modulus and stress can be controlled over a limited range by modifying the process parameters [25] . We observed that the internal stress is highly dependent on the PDMS curing temperature. As a rule of thumb, the higher the curing temperature, the higher the stress. Therefore, by tuning the temperature and stress, it is possible to meet specific requirements concerning the resonance frequency domain of interest. The tensile stress has a major impact on the membrane initial resonance frequency f high .
4) Influence of Electrode
Type: Fig. 6 shows, based on the analytical model [see (16) ], the effect of electrode compliance on the frequency span for three different electrode types: ideally compliant (causing no additional stiffening), ion implanted, and sputtered electrodes. The sputtered electrodes consist of metal deposited on top of the PDMS membrane. The implanted electrodes have metal ions buried within the PDMS. The parameters Y and σ 0 are typical average values measured by bulge test [25] , [34] , [35] on 2-mm-diameter Sylgard 186 membranes. Electrical fields larger than 50 V/μm are larger than the typical breakdown field for commercially available PDMS.
Sputtered gold electrodes significantly stiffen the membrane, increasing the overall Young's modulus Y (by a factor of 5 to over 20 depending on deposition conditions) and the residual stress σ 0 (about a factor of 2-3). This pushes the frequency versus actuation voltage curve toward higher frequencies. The thickness of very thin sputtered layers (< 20 nm), required by this application, is difficult to control and has a major impact on the overall membrane properties. Based on (16), the influence of the stress σ 0 and Young's modulus Y can be estimated by the model (Fig. 6) . The large stress increase coming from sputtering produces a strong curve displacement upward that is not well controlled and difficult to take into account in the design.
Ion implantation of metallic ions into the polymer minimizes the electrodes' impact on the mechanical properties of the membrane (Fig. 6 ). For ion-implanted gold, we observed an increase of the overall Young's modulus due to ion implantation of about a factor of 1.5-3 and a limited modification of the inner overall stress of ±20% on most samples toward a reduction, which is the case in Fig. 6 . Such a limited modification of the stress enables one to design an actuator with well-defined initial resonance frequency. The limited modification of the Young's modulus favors a low frequency that can be reached when the actuator is fully actuated.
IV. RESONANCE FREQUENCY CHARACTERIZATION
A. Testing Setup
We introduced in the model developed on Rayleigh-Ritz theory [see (16) ] the average parameters (Y, σ 0 ) measured by bulge test and profilometer (Veeco, Wyco NT1100) after electrode fabrication. To take into account the stiffening due to the electrodes, we used a standard bulge test technique applied on the actuator membrane having its electrodes already fabricated. To extract the parameters (Y, σ 0 ), the data points were fitted with the bulge test equation [25] , [34] , [35] 
where r is the membrane radius, p is the applied pressure, and z is the vertical deflection of the membrane's center. To measure the membrane thickness h, a scratch was made on each sample in an area of the PDMS bonded to the silicon chip, and the step height was measured with the same profilometer. The resonance frequency of PDMS membranes was measured by applying a sound wave with a loudspeaker on one side of the membrane and measuring the membrane displacement with a laser Doppler vibrometer (Polytec MSV400, Fig. 7) . These measurements were done with an actuation voltage ranging from 0 to 1.8 kV. Displacement of the center of the membrane was measured while the drive frequency was swept in order to find the resonances. Mode shapes were then determined by scanning the laser at a fixed drive frequency.
B. Results
To apply the frequency model, the membrane mechanical properties (Y, σ 0 ) were measured with the bulge test setup. We recorded the applied gas pressure versus displacement of each membrane and fitted the data points with the bulge test equation [25] (Fig. 8) . The parameters of the tested samples used for calculation in the model are summarized in Table I .
The first mode shape was recorded on a 4-mm-diameter membrane made in Sylgard 184 at 0-1500-V actuation voltage ( Fig. 9) . Although the maximum amplitude does increase with the applied voltage (since the membrane becomes more compliant as the initial stress is canceled by the applied electrostatic stress), the shape of mode 1 remains the same from 0 to 1.5 kV as the f res decreases.
We measured typical quality factors of Q = 45 on a 3-mmdiameter Sylgard 186 membrane and Q = 20 on a 4-mmdiameter Sylgard 184 membrane (Fig. 10) . The quality factor tends to decrease when the membrane is actuated. This effect is limited to a few percents at low actuation voltages and becomes significant when the resonance frequency is strongly reduced: A factor 2 reduction of Q is observed for 1800-V actuation voltage on the 4-mm-diameter Sylgard 184 membrane. For membrane of two diameters and with different physical properties, we observed the predicted shift of the resonance frequency produced by electrostatic actuation. For the Au ion-implanted 2-mm-diameter Sylgard 186 sample actuated at 1000 V (Fig. 11) , the relative resonance frequency shift was −43% (from 2463 down to 1406 Hz); for the Au ionimplanted 4-mm-diameter Sylgard 184 sample actuated at 1800 V, the shift was −77%; and for the sputtered 2-mmdiameter Sylgard 186 membrane, the shift was −20% (from 4450 down to 3563 Hz, Fig. 12 ) at 1100V. Maximum voltages were limited by the need to stay below the dielectric breakdown field.
An excellent match (difference: < 1.5% nonactuated, < 10% at full actuation) between the resonance frequency model and measurements on ion-implanted samples was observed (Fig. 11) . Also, if the model of Chen and Doong is used to fit the data points, a larger discrepancy, for instance 8% for the 2-mm-diameter implanted sample, is observed at high resonance frequency and low actuation voltage.
On sputtered samples (Fig. 12) , the larger observed discrepancy between model and data at high actuation voltages could be due to the fact that the model takes into consideration only average input parameters, i.e., no gradients of Young's modulus and stress are considered in the composite created by the electrodes.
Also, one should mention that the accurate measurement of the membrane thickness is very critical since this parameter has a large impact on the calculated frequencies, particularly when actuated at high voltages. One can rewrite (16) as (24) in order to make clearer that, in the resonance frequency model, f 2 scales with V
Therefore, by fitting f 2 to V 2 , one can determine the thickness if the relative permittivity, density, and diameter are known. Those three values are easily determined with high precision by other techniques. Therefore, the model can be used to measure indirectly the membrane thickness h . To refine the membrane properties, the fitted thickness h can be introduced in the bulge test equation to determine Y and σ 0 with a better accuracy.
V. CONCLUSION
Unlike more standard materials used in microfabricated membranes (such as SiN or Si) whose resonance frequency is fixed by geometry and material properties, the resonance frequency of microfabricated dielectric EAP membranes was repeatedly and reversibly voltage controlled, allowing the compliance of the membrane to be tuned continuously over a range up to 77%. Two types of compliant electrodes were tested on the PDMS membranes: thin (10-20 nm) sputtered gold and implanted gold (a dose of 4.4 × 10 16 atoms/cm 2 ). For ionimplanted devices, on the 2-mm-diameter Sylgard 186 membrane, an actuation voltage of 1 kV changed in the resonance frequency of the membrane by more than 40%, whereas on the 4-mm-diameter Sylgard 184 membrane, at 1.8-kV actuation voltage, the change was −77%. Sputtered electrodes that significantly stiffen and stress the membrane have a smaller achievable tuning range that is limited by the PDMS breakdown voltage.
For ion-implanted samples, an analytical model was developed based on the sum of energies from two different contributions, corresponding to stress-dominated thin film, and zero-stress plate. This model gave very good agreement with the measured data when used with membrane parameters entirely obtained from other characterization techniques, primarily bulge testing (no free parameters). The slightly lower accuracy of the model observed for less compliant sputtered electrodes reveals the approximation of the model that does not consider gradients of stress and Young's modulus.
The model that was initially developed to describe the resonance frequency of a DEAP membrane in the tensile stress domain also provides an excellent estimation in the compressive region matching to 1% the buckling voltage resulting from a thick plate model developed by Chen and Doong [33] when applied to the DEAP membrane. To describe the entire range of actuation going from 0 V to the buckling voltage, the model based on Rayleigh-Ritz theory provides the best approximation.
Verifications of the first mode shape and quality factor show that they are not significantly modified when the resonance frequency is shifted. The work reported here on PDMS can be extended to any dielectric elastomer, such as acrylic commonly used in EAP actuators, and also to polymers more commonly used in microfabrication. A similar modeling approach could certainly allow the derivation of a theory describing the higher order resonance modes.
The ability to tune resonance frequency and compliance of a membrane could find applications in active filters, analog sound processing, and active damping for devices resonating in the kilohertz range, and as fine-tuning of resonance frequency of megahertz resonators used as frequency references, RF filters, and sensors.
